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Rad51 forms a helical filament on single-stranded
DNA and promotes strand exchange between two
homologous DNA molecules during homologous
recombination. The Swi5-Sfr1 complex interacts
directly with Rad51 and stimulates strand exchange.
Here we describe structural and functional aspects
of the complex. Swi5 and the C-terminal core domain
of Sfr1 form an essential activator complex with
a parallel coiled-coil heterodimer joined firmly to-
gether via two previously uncharacterized leucine-
zipper motifs and a bundle. The resultant coiled coil
is sharply kinked, generating an elongated cres-
cent-shaped structure suitable for transient binding
within the helical groove of the Rad51 filament. The
N-terminal region of Sfr1, meanwhile, has an inter-
face for binding of Rad51. Our data suggest that
the snug fit resulting from the complementary geom-
etry of the heterodimer activates the Rad51 filament
and that the N-terminal domain of Sfr1 plays a role
in the efficient recruitment of the Swi5-Sfr1 complex
to the Rad51 filaments.
INTRODUCTION
Homologous recombination (HR) plays a central role not only in
genetic diversity but also in preserving genomic integrity, and
thus defects in HR may result in cancer susceptibility (Khanna
and Jackson, 2001). RecA-family DNA recombinases are key
players in HR. In eukaryotes, there are two known classes of re-
combinases, Rad51 and Dmc1; the former functions generally in
both mitotic and meiotic HR and HR-mediated DNA repair, and
the latter acts specifically inmeiosis (San Filippo et al., 2008). Re-
combinases bind to single-stranded DNA (ssDNA), and the440 Structure 20, 440–449, March 7, 2012 ª2012 Elsevier Ltd All righresultant functional complex, termed a presynaptic filament,
carries out DNA strand exchange; binding and strand exchange
are the central reactions of HR. Auxiliary factors (referred to as
mediators) are required to form/activate the presynaptic filament
of eukaryotic recombinases. Rad52, from the budding yeast
Saccharomyces cerevisiae and humans, was the first suchmedi-
ator to be identified. Rad52 facilitates Rad51-mediated strand
exchange between replication protein A (RPA)-precoated
ssDNA and its homologous double-stranded DNA (Shinohara
and Ogawa, 1998; New et al., 1998; Sung, 1997a; Benson
et al., 1998). Several other recombination mediators were later
identified including Rad51 paralogs (Sung, 1997b) and BRCA2,
the human breast cancer susceptibility gene 2 product (San Fil-
ippo et al., 2006).
The Swi5-Sfr1 complex from the fission yeastSchizosaccharo-
myces pombe is a second class of auxiliary proteins. Swi5 (85
amino acid residues) and Sfr1 (299 residues) (Figure 1A; see Fig-
ure S1 available online) are both widely conserved from yeast to
humans (Akamatsu et al., 2003, 2007; Akamatsu and Jasin,
2010). The Sea3-Mei5 complex from budding yeast, a homolog
of Swi5-Sfr1 that is specifically expressed in early meiosis, was
alsoproposed toact asamediator for themeiotic-specific recom-
binase Dmc1 (Hayase et al., 2004; Tsubouchi and Roeder, 2004).
The complex from fission yeast stimulates both Rad51- and
Dmc1-mediated strand-exchange reactions. Importantly,
Rad22 (orthologous to the fission yeast Rad52) is still required
for efficient strand exchange when RPA-precoated ssDNA is
used for the assay (Kurokawa et al., 2008). On the other hand,
Rad22 alone cannot stimulate Rad51-mediated strand exchange
in the absence of Swi5-Sfr1 or affect the intrinsic activities of
Rad51, including ssDNA-dependent ATPase or ssDNA binding
(Kurokawa et al., 2008). The Swi5-Sfr1 complex binds to the
Rad51 presynaptic filament, directly stimulates Rad51-mediated
displacement of RPA from ssDNA, and stabilizes the Rad51 fila-
ment that has already formed on the ssDNA (Kurokawa et al.,
2008; Haruta et al., 2006). These observations imply clearly
collaborative and indispensable roles for the two types of acces-
sory proteins: Rad22 targets Rad51 onto RPA-coated ssDNA,ts reserved
Figure 1. The C-Terminal-Half Domain of Sfr1 in
Complex with Swi5 Is Essential for the Stimulation
of Rad51 in DNA Strand Exchange
(A) Schematic representation of the S. pombe Swi5 and
Sfr1 proteins. The C-terminal domain of Sfr1 binds directly
to Swi5 and functions as an activator.
(B) Schematic of the DNA strand-exchange assay. Pairing
of a plus-strand DNA (css; 4.3 kb) with a homologous
linear duplex DNA (lds) generates a joint molecule (JM)
that is converted to nicked circular DNA (NC) and linear
ssDNA (lss) products.
(C) Left: analysis of Rad51-mediated DNA strand-
exchange reactions. (a) The full-length Swi5-Sfr1 complex
(Sfr1FL). (b) The Swi5-Sfr1C complex (Sfr1C). (c) Sfr1N
was added in the absence of Swi5. Reactions carried out
without proteins are denoted as ‘‘–.’’ Right: graphical
presentation of the total yield of JMs plus NC product,
quantified from (B).
See also Figure S1.
Structure
Structure of Swi5-Sfr1andSwi5-Sfr1canactivate the intrinsic strand-exchangeability of
the recombinase filament (Kurokawa et al., 2008). Swi5-Sfr1 was
the first factor identified as a recombinase activator, although not
a true mediator as originally defined by Sung et al. (2003).
How does Swi5-Sfr1 stimulate recombinase-mediated strand
exchange? The complex directly binds both to a protomer and to
the Rad51 presynaptic filament (Haruta et al., 2006, 2008; Kuro-
kawa et al., 2008). It does not largely affect the binding ability (at
least on rate of binding) of Rad51 to ssDNA per se. However, it
does enhance ssDNA-dependent ATPase activity of the recom-
binase. Because either ATP or ADP is required for the binding of
Rad51 to ssDNA, and because this binding cannot proceed
without some adenine nucleotide being present, the enhance-
ment of the ATPase is predicted to be closely related to the stim-
ulation of strand exchange. Furthermore, Swi5-Sfr1 stabilizes
the Rad51 filament that has already formed on the ssDNA in an
ATP-dependent manner (Kurokawa et al., 2008). Taken together,
these results lead to the hypothesis that the filament stabilized by
Swi5-Sfr1 is functionally equivalent to the active presynaptic fila-
ment. Therefore, structural knowledge of Swi5-Sfr1 may provide
critical clues regarding the molecular mechanism underlying the
activation of the recombinase filament.
Here we present the crystal structures of Swi5 and its complex
with the C-terminal domain of Sfr1 (Sfr1C), which is more
conserved among various species than the N-terminal domain.
We demonstrate that the C-terminal domain of Sfr1, together
with Swi5, possesses the function of a recombination activator
of Rad51. Further, we demonstrate that the N-terminal domain
of Sfr1 plays a role in the efficient recruitment of the Swi5-Sfr1
complex to the recombinase filament. A single Swi5 protomer
forms a tetramer that includes a coiled-coil structure with
a boomerang shape. However, Swi5 in complex with Sfr1C is
formed with 1:1 stoichiometry, and shows an elongated shape
with a remarkable kinked structure. The results of the present
study, including structural features, and biochemical analyses
strongly suggest that the elongated and sharply kinked Swi5-
Sfr1 is wedged into the Rad51 filament to fix it in an active ATP-
bound form. The docking model also shows that Swi5-Sfr1 fits
well in the continuous groove created by the in-silico-reconsti-
tuted Rad51 filament.Structure 20,RESULTS
The C-Terminal Domain of Sfr1 Plays an Essential Role
in Stimulation of Rad51-MediatedDNA Strand Exchange
Limited proteolysis of Srf1 yielded a stable C-terminal fragment
(Sfr1DN177) lacking the N-terminal 177 residues (Kuwabara
et al., 2010). Alignment of Sfr1 homologs revealed relatively
greater sequence conservation in the C-terminal half (Figure 1S).
We also produced a truncated Sfr1 lacking the N-terminal 180
residues, hereafter referred to as Sfr1C. Sfr1C forms a complex
with Swi5 (Kuwabara et al., 2010). We also produced an Sfr1
mutant comprising residues 1–177 (Sfr1N), which did not form
a complex with Swi5. As previously reported, Swi5 in complex
with Sfr1C is formed with 1:1 stoichiometry (Kuwabara et al.,
2010). We should note that Swi5 and full-length Sfr1 also form
a 1:1 complex, although the binding stoichiometry of Swi5 and
full-length Sfr1 was reported to be 2:1 (Haruta et al., 2006). The
paper including the corrected stoichiometry is published (Ko-
kabu et al., 2011).
We first determined which region of Sfr1 has the potential
ability to stimulate Rad51-mediated strand exchange. We em-
ployed a three-strand-exchange assay (Figure 1B). Strand
exchangewas stimulatedmost effectively by a substoichiometric
amount (1/20th to 1/10th the concentration of Rad51) of the
complex between Swi5 and full-length Sfr1 (Sfr1FL), as reported
(Kurokawa et al., 2008; Haruta et al., 2006); greater amounts of
the complex inhibited the reaction. The Swi5-Sfr1C complex
stimulated strand exchange to the level measured for Swi5-
Sfr1FL (Figure 1Cb), clearly indicating that the Swi5-Sfr1C
complex is sufficient to fully activate the Rad51 filament. Note
that a near-stoichiometric amount of the Swi5-Sfr1C complex
was required for maximal stimulation (0.5–2 times the concentra-
tion of Rad51; Figure 1C, graph). By contrast, Sfr1N never stim-
ulated Rad51-mediated strand exchange (Figure 1Cc).
The C-Terminal Domain of Sfr1 Is Also Essential for the
Stabilization of the Rad51 Filament
The Swi5-Sfr1 complex stabilizes Rad51 filaments that have
already formed on ssDNA (Kurokawa et al., 2008). To examine
whether Sfr1C possesses this activity as well, we performed440–449, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 441
Figure 2. The C-Terminal Region of Sfr1 Complexed with Swi5 Is Essential for Stabilization of the Rad51 Filament
(A) Schematic procedure for assessing Rad51 filament stabilization.
(B) SDS-PAGE analysis of proteins bound to ssDNA beads when the full-length Swi5-Sfr1 was added. For Swi5-Sfr1, the symbols + and ++ indicate the presence
of 0.1 or 0.5 mM complex, respectively.
(C) SDS-PAGE analysis of proteins bound to ssDNA beads when the Swi5-Sfr1C complex or Sfr1N was used. The symbols + and ++ indicate the presence of 1 or
5 mM Sfr1 derivatives, respectively.
(D) Amounts of Rad51 (upper graph) or RPA (lower graph) bound to ssDNA were quantified from (B) and (C). The data represent the mean ± standard deviation for
at least three independent experiments.
See also Figure S2.
Structure
Structure of Swi5-Sfr1an RPA-chase assay, essentially as described (Kurokawa et al.,
2008). We first mixed Rad51 and ssDNA beads, then added RPA
in the presence or absence of Swi5-Sfr1. The amount of Rad51
bound to ssDNA was reduced to approximately one-tenth by
the addition of RPA, as comparedwith a buffer control (Figure 2B,
lanes 1 and 2). This can be explained by the fact that the ssDNA-
binding affinity of Rad51 is weaker than that of RPA. Under these
experimental conditions, Swi5-Sfr1 keeps Rad51 bound on the
ssDNA beads even if RPA is added afterward (Figure 2B, lanes
2–4). We found the Swi5-Sfr1C complex stabilized the Rad51
filaments on ssDNA (Figure 2); stabilization by Swi5-Sfr1C was
comparable to that of Swi5-Sfr1FL, although more Swi5-Sfr1C
was required compared with Swi5-Sfr1FL. On the other hand,
Sfr1N did not stabilize the Rad51 filament (Figures 2C and 2D).
Control experiments ruled out the possibility that Rad51 bound
nonspecifically to beads (Figure S2A) or that Swi5-Sfr1 affected
the on rate of Rad51 binding to naked ssDNA (Figures S2B–
S2D). Considering these results, we concluded that the
C-terminal domain of Sfr1 is essential for stabilization of the
Rad51 filament.The C-Terminal Domain of Sfr1 Is Essential for the
Enhancement of ssDNA-Dependent ATPase Activity
by Rad51
Swi5-Sfr1C also stimulated ssDNA-dependent Rad51 ATPase
activity, although the amount of Swi5-Sfr1C complex required
for maximum stimulation was higher and the overall enhance-
ment was lower compared with Swi5-Sfr1FL (Figure 3). In
contrast, Sfr1N did not stimulate the ATPase activity (Figure 3).
We thus concluded that the C-terminal domain of Sfr1 in
complex with Swi5 is sufficient to stimulate both DNA strand442 Structure 20, 440–449, March 7, 2012 ª2012 Elsevier Ltd All righexchange and the ssDNA-dependent ATPase activity driven by
Rad51 and to stabilize the Rad51 filament, all of which are
intrinsic to the Swi5-Sfr1FL complex.The N-Terminal Domain of Sfr1 Has DNA-Binding Ability
We used a gel mobility shift assay to clarify which specific amino
acid residue(s) or domains in Sfr1 are involved in DNA binding by
the complex. As shown in Figure 4A, Sfr1N alone, which is free of
Swi5, showed affinities for both ssDNA and double-stranded
DNA (dsDNA), and these affinities were very similar to those of
the wild-type Swi5-Sfr1 complex. In sharp contrast, no signifi-
cant mobility shift was seen with the Swi5-Sfr1C complex, at
least in the range of the concentrations tested (Figure 4A, lanes
13–18). Taken together, these results revealed that the
N-terminal region of Sfr1 possesses DNA-binding ability. Note
that Swi5 alone lacks DNA-binding ability (Haruta et al., 2006).The Role of N-Terminal and C-Terminal Domains in the
Interaction between the Swi5-Sfr1 Complex and Rad51
To clarify the specific amino acid residue(s) or domains in Sfr1
responsible for this binding, we analyzed this protein interaction
by an in vitro immunoprecipitation (IP) assay (Figure 4B). Under
standard conditions (see Experimental Procedures), Rad51
and the wild-type Swi5-Sfr1 complex coimmunoprecipitate effi-
ciently. Under the same conditions, we could not detect an inter-
action between Rad51 and either the Swi5-Sfr1C complex or
Sfr1N (Figure 4B, lanes 5 and 6). However, when an IP assay
was performed under lower stringency conditions (the NaCl
concentration was reduced from 100 mM to 25 and 50 mM),
we were able to detect an immunoprecipitate containing
Rad51 and Sfr1N (Figure 4C, lanes 7 and 8) but still could notts reserved
Figure 3. The C-Terminal Domain of Sfr1 Complexed with Swi5 Is
Essential for Stimulating the ssDNA-Dependent ATPase Activity of
Rad51
The ssDNA-dependent ATPase activity of Rad51 was monitored in the pres-
ence of the indicated concentrations of Swi5-Sfr1 proteins. The rate of ATP
hydrolysis was calculated from the initial velocity of each individual experi-
ment. The data represent the mean ± standard deviation for at least three
independent experiments. No ATPase activity was detected in the purified
fractions of Swi5-Sfr1 (FL), Swi5-Sfr1C, or Sfr1N (without Swi5).
Structure
Structure of Swi5-Sfr1detect one containing Rad51 and the Swi5-Sfr1C complex. The
observation that the Swi5-Sfr1C complex stimulates Rad51
activities (Figure 1C) suggests that the Swi5-Sfr1C complex
and the recombinase interact physically. However, the interac-
tion is extremely weak and/or transient, as evidenced by the
high concentration required to observe the interaction. Taken
together, the results imply that the N-terminal and the C-terminal
domains work cooperatively to promote robust and functional
interactions with Rad51.Overall Structure of Swi5 and the Swi5-Sfr1C Complex
To gain structural insight into the mechanism of Swi5-Sfr1-medi-
ated activation of the Rad51 filament, we determined the crystal
structures of Swi5 (Figure 5A; 2.7 A˚ resolution) and the Swi5-
Sfr1C complex (Figure 5B; 2.2 A˚ resolution) (see also Table 1).
The Swi5 crystal includes four molecules in the asymmetric
unit (Figure 5A), and the crystal of the Swi5-Sfr1C complex
contains two molecules of the Swi5-Sfr1C heterodimer in the
asymmetric unit (Figure 5B, middle).
The three-dimensional structure of the Swi5-Sfr1C complex
shows an elongated shape (Figure 5B). Swi5 and Sfr1 form
a parallel coiled-coil heterodimer. In the complex, the long
continuous a helix observed in the Swi5 structure alone is inter-
rupted. As a result, Swi5 in the complex consists of two long
a helices (a1swi5, a2swi5) and one short a helix (a3swi5). Sfr1C is
composed of two long a helices (a1sfr1, a2sfr1), two b strands
(b1sfr1, b2sfr1), and one short a helix (a3sfr1) (Figure 5B). The
surface area of the interface between Swi5 and Sfr1C is
2,220 A˚2, which is large enough to form a stable protein
complex.
Structural comparison of the Swi5-Sfr1C complex structure
against the Protein Data Bank (PDB) archive using Dali (Holm
and Sander, 1995) shows that the complex shares structural
homology with the coiled-coil segments of functionally unrelatedStructure 20,proteins, such as the phosphate transport system protein (PDB
ID code 1sum), with a Z score of 6.4, and acyl-CoA dehydroge-
nase (PDB ID code 2pg0), with a Z score of 5.9. However, in both
cases, the root-mean-square deviation (rmsd) is above 10 A˚ and
structural similarity is limited to a narrow region, suggesting that
the matches found in the structural comparison are not biologi-
cally important.
Dimer Formation by Two Leucine-Zipper Motifs and the
Bundle Structure
The Swi5 and Sfr1C subunits of the heterodimers are firmly
joined by two leucine zippers and a bundle structure at the
bottom. The first leucine zipper, formed by a1swi5 and a1sfr1,
shows a typical arrangement (Figure 5C). The second leucine
zipper, composed of a2swi5 and a2sfr1, is less typical—it contains
several residues that form a canonical zippermotif, but the coiled
coil shows a few unusual residues at the b (Leu58swi5), g
(Ile56swi5), and e (Ile61swi5) positions of the heptad repeat (Fig-
ure 5D). These hydrophobic residues are packed against other
hydrophobic residues, forming a bundle (see below).
The C-terminal regions in both Swi5 and Sfr1 fold back to the
second leucine zipper and form a globular domain resembling
a four-helix bundle that is stabilized primarily by van der Waals
interactions. Hydrophobic residues from a2sfr1, a3sfr1, and the
loop are buried in the interior of the bundle, where they pack
together and stabilize the heterodimer (Figure 6A). Several salt-
bridge and hydrogen-bond interactions occur within the bundle
domain. Notably, the terminal carboxylate makes contacts with
Tyr50swi5 and Arg54swi5. These residues surround Trp225sfr1,
which makes hydrophobic contact with Ile53swi5, Ala57swi5,
Leu58swi5, and Val81swi5. The side chain of Glu85swi5 extends
into the solution (Figure 6B).
b1sfr1 and b2sfr1 form a b sheet, as do these same domains
from the noncrystallographic molecule, resulting in the four-
stranded antiparallel b sheet in the crystal. The b sheet protrudes
from the bundle domain (Figure 5B).
Kinked Structure
Remarkably, the structure of the Swi5-Sfr1C complex is sharply
kinked (130) beginning just after the first leucine zipper at
Lys30swi5 and Lys212sfr1 (Figure 6C). Beyond this kink, the struc-
ture is held together by the second leucine zipper. The kinked
region is stabilized by several interactions. Glu210sfr1 makes
contacts with amide nitrogen atoms of Lys32swi5 and Asn33swi5,
Glu214sfr1 interacts with His43swi5, and Asp215sfr1 forms
a water-mediated interaction with the carbonyl oxygen of
Thr39swi5. This structure is also supported by internal interac-
tions between Arg34swi5 and Gln25swi5, Asn33swi5 and Gln38swi5,
and Val209sfr1 and Asn213sfr1 (main-chain atoms). Val209sfr1
occupies the space created by the bulge of the kinked region.
These interactions maintain the relative orientation between
the two leucine zippers.
Solution Structure Determined by Small-Angle X-Ray
Scattering
We have solved the crystal structures of Swi5 and the Swi5-
Sfr1C complex, but the shapes of the two molecules are far
from globular. To confirm the structure deduced from the crystal-
lography data, wemeasured small-angle X-ray scattering (SAXS)440–449, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 443
Figure 4. Direct Interaction of DNA and Rad51with
Swi5-Sfr1
(A) Gel image of a gel mobility shift assay using Swi5-Sfr1
(FL) and mutant Sfr1 proteins.
(B) Direct interactions were analyzed by in vitro coimmu-
noprecipitation using purified proteins.
(C) An experiment identical to that in (B) but under less
stringent conditions.
Structure
Structure of Swi5-Sfr1of the Swi5-Sfr1C complex in solution. The calculated radius of
gyration (Rg) derived from SAXS Guinier analysis (29.6 A˚) and
the maximum particle dimension (Dmax = 95.0 A˚) found in the
distance distribution function (P[r]) agree with the Swi5-Sfr1C
crystal structure (Rg = 30.2 A˚, Dmax = 92 A˚), indicating the
observed kinked structure is an inherent feature of the Swi5-
Sfr1C complex. The ab initio low-resolution model for the
Swi5-Sfr1C complex from SAXS is essentially the same as that
for Swi5-Sfr1DN177 (Kokabu et al., 2011) and revealed that the
b sheet does not fit well and protrudes from the model (Fig-
ure S4A). Both the full-length and Sfr1C mutants, which lack
the b sheet region (D250–270), showed comparable levels of
Rad51 stimulation to those measured for Sfr1FL and Sfr1C,
respectively (Figure S3). Therefore, the b sheet region is not
essential for stimulation of Rad51-mediated DNA strand
exchange at least in vitro. We note that the sequence alignment
shows that both human and mouse Sfr1 proteins lack the corre-
sponding b sheet region and that the b sheet region of S. pombe
Swi5 shares very little sequence similarity with that of the
budding yeast homologMei5 (Figure S1). This fact is also consis-
tent with the notion that the b sheet is not needed for stimulation
activity. Molecular dynamics (MD) simulation results demon-
strate that the b sheet shows a substantial fluctuation, which is
induced by the accumulation of small changes in the last several
residues of a2sfr1 and a3sfr1. Models from MD simulation fit the
SAXS data, suggesting that the b sheet is flexible (Figures S4B
and S4C).
DISCUSSION
In this paper, we have presented a combined structural and
biochemical investigation of the Swi5-Sfr1 complex. The crystal
structure of the Swi5-Sfr1 complex reveals an unusual kinked444 Structure 20, 440–449, March 7, 2012 ª2012 Elsevier Ltd All rights reservedstructure containing two leucine-zipper motifs
and a bundle. This structure of the Swi5-Sfr1C
complex is distinct from that of other, canonical
recombination mediators, including BRCA2
(Pellegrini et al., 2002; Yang et al., 2002) and
Rad52 (Kagawa et al., 2002). Residues partici-
pating in the interaction between the leucine
zippers and the bundle are highly conserved
across species (Figure S1). This conservation
suggests that, in various species, Swi5 in
complex with Sfr1C adopts a structural archi-
tecture similar to that observed in the
S. pombe Swi5-Sfr1 complex.
Docking of the atomic model of the Swi5-
Sfr1C complex into the Rad51 filament model
shows that the kinked structure generates anelongated and curved shape that is well suited to a snug fit
into the helical groove proposed by Kokabu et al. (2011). Good
molecular shape complementarity between the elongated curva-
ture of the complex and the helical groove of the Rad51 filament
would serve to stabilize the filament, and the binding of the Swi5-
Sfr1 complex to the helical groove would preserve the active
form of Rad51, which is bound to ATP.
A single Swi5-Sfr1C complex seems to interact with up to four
to five Rad51 molecules to bind to the filament. SAXS data re-
vealed that the Siw5-Sfr1FL complex is approximately twice as
long as the Swi5-Sfr1C (Kokabu et al., 2011). This molecular
‘‘vine,’’ composed of the Swi5-Sfr1 complex, might wind itself
around the Rad51 filament and be capable of interacting with
up to ten Rad51 molecules in a filament. This structural feature
agrees well with the fact that the stimulation was most effective
when the Swi5-Sfr1:Rad51 ratio was 1:10 to 1:20 (Haruta et al.,
2006).
RecX, which is a negative regulator of RecA, also binds to the
helical groove of the filament (VanLoock et al., 2003; Ragone
et al., 2008). However, RecX actively promotes filament disas-
sembly from established filaments (Venkatesh et al., 2002; Stohl
et al., 2003; Drees et al., 2004; Ragone et al., 2008). The structure
of RecX (Ragone et al., 2008), which is composed of tandem
helical repeats, completely differs from that of Swi5-Sfr1. On
the other hand, another accessory protein, DinI, a small protein
of 80 amino acids, has been shown to stabilize RecA filaments.
Indeed, DinI destabilizes RecA filaments, but only at very high
DinI concentrations (Voloshin et al., 2001). At lower, more nearly
stoichiometric concentrations, DinI has a very substantial stabi-
lizing effect on RecA filaments (Lusetti et al., 2004a, 2004b). The
solution structure of DinI has been determined, and it has been
shown that DinI binds the RecA nucleoprotein filament in the
major filament groove (Galkin et al., 2011; Ramirez et al., 2000;
Figure 5. Structures of Swi5 and the Swi5-Sfr1C Complex
(A) Ribbon representation of the Swi5 tetramer viewed from the top. The four molecules are represented in green, cyan, magenta, and yellow. Each Swi5 forms
a long continuous helix.
(B) Left and middle: ribbon representation of the Swi5-Sfr1C complex. Swi5 and Sfr1C (residues 181–299) are presented in blue and green, respectively. The
middle image shows the two heterodimers of the complex in the asymmetric unit. The direction of view is almost the same as that of the left panel. Right:
a topological diagram of the complex.
(C andD) Interhelical interactions in the first (C) and second (D) leucine zippers. Left: residues forming the interhelical hydrophobic core are shown as stickmodels.
Right: helical wheel diagram of the first (C) and second (D) leucine-zipper motifs. The first zipper shows the preponderance of leucine residues at the d positions; in
the second zipper, however, atypical residues are located at the d positions. Residues participating in the interhelical hydrophobic core are shown in red, and
residues involved in the bundle structure are shown in blue.
See also Figures S1, S3, and S4.
Structure
Structure of Swi5-Sfr1Yoshimasu et al., 2003). However, the structure of DinI is
completely unrelated to that of Swi5-Sfr1. Therefore, the binding
of different accessory proteins to the helical groove does not
lead to the same effects on the recombinase.
The Swi5-Sfr1C complex possesses the essential function of
the Swi5-Sfr1 complex as an activator of Rad51, because this
complex retains sufficient activity to enhance strand exchange
and ATPase activity. Swi5-Sfr1C can also stimulate Dmc1-medi-
ated strand reactions (unpublished data). In contrast, Sfr1N
exhibits neither strand exchange nor ATPase activity enhance-
ment, but the region retained in Sfr1N nevertheless is necessary
for full activity. Considering that the N-terminal region has an
affinity for Rad51 and for DNA, we propose that this region
may function as an anchor. The interaction between the
N-terminal domain of Sfr1 and Rad51 could facilitate the
anchoring of the C-terminal region of Sfr1 in complex with
Swi5, thus enhancing formation of the complex. Then, the
Swi5-Sfr1 complex could stabilize the filament by entering the
groove tomaintain the active form that enhances ATPase activity
(Figure 7). However, this would not freeze the filament in an
extended conformation, because the location of Swi5-Sfr1
within the groove may hinder its access to the dsDNA, leadingStructure 20,to a very simple steric block of the progression of any strand-
exchange reactions.
Swi5-Sfr1 transiently and repeatedly interacted with the fila-
ment, locally inducing the active conformation in the filament
and thus favoring strand exchange. Moreover, the enhanced
hydrolysis of ATP by Rad51-DNA filaments would lead to subunit
turnover from the end of the filament, and this regulated
assembly/disassembly, coupled with the ATPase cycle, would
promote proper processive strand exchange from the edge of
the filament. Our present results have provided the first explora-
tion, to our knowledge, of the mechanistic aspects of the func-
tional interactions between recombinases and their activators
at atomic resolution.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Crystallization
Details of the expression, purification, and crystallization of Swi5 and the Swi5-
Sfr1C complex are published (Kuwabara et al., 2010). In brief, S. pombe
Swi5(1–85) was expressed, and Swi5(1–85) and Sfr1C(181–299) were coex-
pressed in Escherichia coli BL21(DE3) codon plus RIL. Both proteins were
purified by several column chromatography steps. Crystals of Swi5 were ob-
tained using 2-methyl-2,4-pentanediol as a precipitant. The crystals belong440–449, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 445
Table 1. Data Collection and Refinement Statistics
Data Collection (Swi5)
Native 1 Native 2 HgCl2 Hg(Acetate)2 TMLA SmCl3 KAu(CN)2
X-ray source PF-AR NW-12A PF-AR NW-12A FR-D FR-D FR-D FR-D FR-D
Wavelength (A˚) 1.00000 1.00000 1.54178 1.54178 1.54178 1.54178 1.54178
Space group R3 C2 R3 R3 R3 R3 R3
a (A˚) 159.2 177.2 158.1 158.7 159.0 158.1 158.9
b (A˚) 159.2 57.9 158.1 158.7 159.0 158.1 158.9
c (A˚) 69.4 64.4 69.7 67.8 68.9 69.4 69.4
b () 96.7
Resolution (A˚) 2.8 (2.90–2.80)a 2.7 (2.80–2.70) 3.5 (3.63–3.50) 3.8 (3.94–3.80) 3.5 (3.63–3.50) 3.8 (3.94–3.80) 3.8 (3.94–3.80)
Reflections 181,760 61,664 35,123 61,143 28,972 28,038 29,397
Unique reflections 16,071 15,572 8,170 4,828 8,110 6,310 6,329
Completeness (%) 99.5 (98.5) 86.4 (62.1) 99.6 (100.0) 100.0 (100.0) 99.7 (100.0) 99.5 (100.0) 93.0 (92.9)
Rsym (%)
b 5.9 (47.4) 5.8 (26.3) 11.3 (56.8) 12.1 (47.4) 9.5 (57.3) 9.1 (46.3) 8.8 (29.5)
Mean I/sI 11.3 (5.4) 10.4 (4.5) 7.7 (2.7) 7.1 (5.3) 8.4 (2.3) 7.7 (3.1) 5.9 (2.3)
Rderi (%)
c 19.5 24.0 23.0 22.3 18.8
Mean figure of merit 0.58
Data Collection (Swi5-Sfr1C Complex)
Native SeMet-Labeled Peak
X-ray source PF BL-17A PF BL-17A
Wavelength (A˚) 1.00000 0.97892
Space group P21212 P21212
Unit cell parameters
a (A˚) 88.16 87.54
b (A˚) 128.68 129.56
c (A˚) 59.97 59.76
Resolution (A˚) 2.2 (2.28–2.20)a 2.6 (2.69–2.60)
Reflections 231,388 257,663
Unique reflections 33,341 20,727
Completeness (%) 99.8 (99.1) 97.5 (83.1)
Rsym (%)
b 8.5 (53.1) 14.7 (79.4)
Mean I/sI 14.1 (3.9) 12.8 (2.2)
Refinement
Swi5 Swi5-Sfr1C Complex
Resolution range (A˚) 20–2.7 20–2.2
Rcryst/Rfree (%)
d 25.1/31.1 23.0/26.6
Number of atoms
Protein/solvent/ligand 1,950/–/40 3,216/164/51
Mean B values (A˚2)
Protein/solvent/ligand 79.2/–/90.9 62.6/59.9/81.5
Rms deviation
Bond lengths (A˚)/
angles ()
0.018/1.754 0.013/1.324
Ramachandran plot
Most favored (%) 97.0 93.9
Additional allowed (%) 3.0 6.1
Disallowed (%) 0 0
TMLA, trimethyllead acetate.
aValues in parentheses are for the outermost resolution shell.
bRsym =
PjI hIij=P I, calculated for all data.
cRderi =
PjjFPHj  jFPjj=
P jFPj.
dRcryst and Rfree =
PjjFOj  jFCjj=
P jFOj, where the free reflections (5% of total used) were set aside for Rfree throughout the refinement.
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Figure 6. Interactions in the Bundle Structure of Swi5-Sfr1C
(A) Residues forming hydrophobic interactions are shown as stick models.
(B) Detailed view of the region surrounding Trp225Sfr1. Dashed lines indicate hydrogen bonds.
(C) Close-up view of the kinked region. Residues involved in hydrophobic interactions and hydrogen bonds are shown as stick models. Dashed lines denote
hydrogen bonds.
Structure
Structure of Swi5-Sfr1to space group R3 or C2, which are difficult to discriminate from their shape.
Crystals of the Swi5-Sfr1C complex were obtained using PEG monomethyl
ether 2000. The crystals belong to space group P21212.
Diffraction Data Collection
The data for Swi5 and its derivatives were collected on NW-12A at PF-AR (Tsu-
kuba, Japan) using an ADSC Quantum 210 CCD or a Rigaku R-AXIS IV2+
imaging plate system equipped with Osmic confocal mirror optics mounted
on a Rigaku FR-D X-ray generator. X-ray diffraction data for the native and Se-
Met-labeled Swi5-Sfr1C complex were collected on NW-12A at PF-AR and
BL-17 using ADSC CCD detectors. Diffraction data were processed with
HKL2000 (Otwinowski and Minor, 1997). The crystallographic data and data
collection statistics of all the crystals are provided in Table 1.
Structure Analysis and Refinement
The structure of Swi5 was solved by the multiple isomorphous replacement
method with anomalous scattering. Experimental phases were calculated
using the data set of the R3 crystal up to 2.8 A˚ resolution with SOLVE (Terwil-
liger andBerendzen, 1999) and improvedwith RESOLVE (Terwilliger, 2000). An
initial model was built with Coot (Emsley and Cowtan, 2004) and refined with
REFMAC (Murshudov et al., 1997). After several cycles of rebuilding and
refinement, the experimental data were changed to the data set of the C2
crystal. The model finally converged, resulting in a crystallographic R value
of 25.2% and a free R value of 31.3% for all diffraction data up to 2.7 A˚ reso-
lution. The structure of the Swi5-Sfr1C complex was solved by single-wave-
length anomalous diffraction using the SeMet-labeled Swi5-Sfr1C complex
crystal. Experimental phases were calculated with SHELX (Sheldrick, 2008).
Modeling and refinement were carried out in manner similar to that used for
Swi5. The model finally converged, resulting in a crystallographic R value of
23.0% and a free R value of 26.5% for all diffraction data up to 2.2 A˚ resolution.
The Ramachandran plot of both the final models shows that all of the amino
acid residues are in the most favored and allowed regions defined by the
program PROCHECK (Laskowski et al., 1993). The final refinement statistics
are summarized in Table 1. The figures were generated by PyMOL (Delano,
2002). The surface area was calculated by PROTORP (Reynolds et al., 2009).
Small-Angle X-Ray Scattering
SAXS data of the Swi5-Sfr1C complex were collected at RIKEN structural
biology beamline I (BL-45XU) at SPring-8 (Hyogo, Japan). Protein concentra-
tions were 2.0, 4.0, and 6.0mg/ml for each complex solution in 10mMHEPES-
NaOH (pH 7.0), 200mMNaCl, 1mMDTT. Scattered intensities weremeasured
at 293 K on a Rigaku R-AXIS IV2+ imaging plate with a sample-to-detector
distance of 2.5 m. Three successive measurements were made for each solu-Structure 20,tion with an exposure time of 60 s, and a circular average was made to obtain
one-dimensional intensity data. These three intensity data sets were then
totaled after inspections for the existence of experimental artifacts such as
radiation damage to the solution and correction for the variation of incident
X-rays. The scattering parameter q is defined as q = (4psinq)/l, where 2q is
the scattering angle and l is an X-ray wavelength (l = 0.900 A˚). The radius
of gyration Rg was estimated from the Guinier plot of I(q) in the smaller angle
region of qRg < 1.3. The distance distribution function P(r) was calculated by
the program GNOM (Svergun, 1992) using I(q) data up to q = 0.32 A˚1, where
I(q) has weak but significant scattering with respect to background scattering.
The maximum particle dimension Dmax was estimated from the P(r) function as
the distance r, where P(r) = 0. Ab initio low-resolution models for the Swi5-
Sfr1C complex were built with the program GASBOR (Svergun et al., 2001),
where the experimental I(q) data were fitted in a q range from 0.024 to
0.32 A˚1 with those calculated from the ab initio low-resolution model by
a simulated annealing minimization procedure. The ab initio low-resolution
models obtained from separate GASBOR runs were averaged by DAMAVER
(Volkov and Svergun, 2003). SAXS data evaluations from atomic structures
were performed with the program CRYSOL (Svergun et al., 1995).
MD Simulation
All-atom molecular dynamics simulations with explicit solvent were performed
from the crystal structure, in which three residues in the N terminus were
changed to the original Sfr1 residues, using the MD program MARBLE (Ikegu-
chi, 2004) with CHARMM22/CMAP for protein and TIP3P for water as force-
field parameters. Electrostatic calculations were performed using the particle
mesh Ewald method under periodic boundary conditions. The symplectic inte-
grator for rigid bodies was used for constraints on the bond lengths and angles
involving hydrogen atoms. The time step used was 2.0 fs.
Preparation of Sfr1 Mutants
For preparation of the Dbmutant, we deleted 250–270 residues containing b1
and b2, and then connected two chains by a three-residue linker (Ser-Ser-Gly).
For the strand-exchange assay, we expressed and purified the mutant
proteins using the same protocol as for the wild-type Sfr1 protein.
Strand-Exchange Assay
Procedures for DNA strand exchanges were essentially as described (Kuro-
kawa et al., 2008). The concentrations of all components are stated as the final
concentration in the reaction mixture. DNA concentrations are denoted in
terms of total nucleotides. The standard reactions (10 ml) were carried out in
buffer F (30 mM Tris-HCl [pH 7.5], 1 mM DTT, 100 mM NaCl, 3 mM MgCl2,
2% glycerol) containing 2 mM ATP and the ATP regeneration system (8 mM440–449, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 447
Figure 7. Possible Mechanism by which the Swi5-Sfr1 Complex
Activates the Rad51 Filament
The N-terminal region of Sfr1 is shown as dotted lines. This N-terminal region
of Sfr1 has an affinity for Rad51 and DNA. The N-terminal region binds to
Rad51, facilitating the anchoring of the C-terminal region of Sfr1 in complex
with Swi5. Binding of Swi5-Sfr1 enhances the formation of the complex and
stabilizes the Rad51 filament.
Structure
Structure of Swi5-Sfr1creatine phosphate, 8 U/ml creatine kinase). Rad51 and 4.3 kb circular single-
stranded (css) DNA (pSKsxAS; 10 mM)weremixed and then incubated at 37C.
After a 5 min incubation, the indicated amount of Swi5-Sfr1 was added to the
mixture and further incubated at 37C for 5 min. RPA (1 mM) was added and
then incubated at 37C for 10 min. The reaction was initiated by addition of
EcoRI-linearized pSKsxAS plasmid DNA (ldsDNA; 10 mM). After a 120 min
incubation, the reaction was terminated by addition of one-fifth volume of
stop solution (30 mM Tris-HCl [pH 7.5], 60 mM EDTA, 3% [w/v] SDS,
4.8 mg/ml proteinase K) followed by a 15min incubation at 25C. The products
were analyzed by 1%agarose gel electrophoresis with TAE buffer (40mMTris-
acetate [pH 8.3], 1 mM EDTA).
ATPase Assay
ATPase assays were carried out as described in Haruta et al. (2006) with the
following modifications. Rad51 (5 mM), Swi5-Sfr1 (indicated in Figure 3), and
cssDNA (10 mM) were mixed on ice in buffer F. The reactions were initiated
by addition of [g-32P]ATP (2 mM), followed by incubation at 37C. Aliquots
were withdrawn at 0, 30, and 60 min, and the reactions were terminated by
addition of two volumes of 0.5 M EDTA. The reactions were analyzed by thin
layer chromatography.
Pull-Down Assay for DNA Binding
For the filament stabilization assay, we modified a published protocol (Kuro-
kawa et al., 2008). In brief, the immobilized ssDNA beads (10 mM) were mixed
with Rad51 (5 mM) and incubated at 37C for 5 min. WT or mutant Swi5-Sfr1
was added to the reaction and further incubated for 5 min. RPA (1 mM) or
a buffer control was added to the reaction and incubated for 10 min at 37C.
Proteins bound and unbound to the beads were analyzed by SDS-PAGE.
In Vitro Immunoprecipitation
In vitro immunoprecipitation assay was carried out essentially as described in
Haruta et al. (2006). Proteins (0.4 mM in 50 ml) were mixed in buffer F containing448 Structure 20, 440–449, March 7, 2012 ª2012 Elsevier Ltd All righ0.5%NP-40 and 0.1 mg/ml BSA on ice and incubated for 30 min. Affinity-puri-
fied anti-Rad51 (1 mg in 5 ml) was added to themixture and further incubated for
10 min on ice. Magnet-conjugated protein G (Invitrogen) was added to the
mixture and incubated for 2 hr at 4C. The beads were washed twice with
200 ml of buffer F containing 0.5% NP-40. Bound proteins were separated
by SDS-PAGE and detected by western blot analysis using a polyclonal anti-
body for Rad51 or Sfr1 (rabbit).
DNA-Binding Assay
Proteins were mixed in buffer F on ice. The reaction was initiated by addition of
DNA (5 mM for ssDNA, 10 mM for ldsDNA) and further incubated at 37C for
15 min. The reactions were analyzed by 0.8% agarose gel electrophoresis
with TAE buffer and detected by SYBR Gold staining as the DNA strand-
exchange reaction.
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